Mushroom-shaped phase change memory (PCM) consisting of a Cr/In 3 Sb 1 Te 2 (IST)/TiN (bottom electrode) nanoarray was fabricated via block copolymer lithography and single-step dry etching with a gas mixture of Ar/Cl 2 . The process was performed on a high performance transparent glass-fabric reinforced composite film (GFR Hybrimer) suitable for use as a novel substrate for flexible devices. The use of GFR Hybrimer with low thermal expansion and flat surfaces enabled successful nanoscale patterning of functional phase change materials on flexible substrates. Block copolymer lithography employing asymmetrical block copolymer blends with hexagonal cylindrical self-assembled morphologies resulted in the creation of hexagonal nanoscale PCM cell arrays with an areal density of approximately 176 Gb/in 2 .
Introduction
Contemporary research has demonstrated that numerous flexible devices are generating considerable interest on account of their advantageous properties, including portability, flexibility, lightweight construction, and cost-efficiency over conventional bulk silicon technology [1, 2] . Various flexible applications, such as flexible displays, flexible memory, flexible solar cells, flexible organic light emitting diodes (OLEDs), flexible radio frequency identification (RFID) antennas, and flexible chemical sensors have been documented [3] [4] [5] [6] [7] [8] . To ensure the high performance of these devices, commercially viable high-density nanosize patterns fabrication are required or the production of flexible memory. The fabrication of ultrafine nanopatterns on flexible substrates, however, is dauntingly complex using currently available conventional photolithography due to the intrinsic optical resolution limitations imposed by this technique and also the irregular surface intrinsic to flexible devices. Furthermore, notable thermal and chemical limitations are imposed by the nanopatterning process on flexible substrates. Generally, printing methods or soft lithography techniques, with nanoparticle content primarily consisting of organic materials involved in inking, have been used for flexible device fabrication due to its lower process temperatures and chemical-free processes required [9] [10] [11] [12] . Problematic issues of low critical dimension resolution and throughput have limited the applicability of these fabrication techniques.
Only a few contemporary reports in flexible memory research have documented the fabrication of flexible flash memory [13] , flexible resistive random access memory (RRAM) [14, 15] , and flexible static random access memory (SRAM) [16] , among others, even though the numbers of such reports are growing steadily [17] . To date, the fabrication and properties of ultrahigh density flexible phase change memory (PCM) has not been reported. Instead, nonvolatile PCM has been focused on as one of the candidates for a nonvolatile memory due to its superior properties, including excellent endurance, non-destructive reading, direct overwriting, low programming energy, enormous dynamic range of reading, improved speed, and overall high performance [18] [19] [20] . PCM also has an extremely high potential to realize desirable multi-level cell operations due to its extremely wide range of resistances between the crystalline (SET) and amorphous state (RESET) within the phase change material [21] .
Despite the clear benefits of PCM devices, the existing technology for fabrication is facing a major technological challenge concerning the realization of multi-level resistive states to improve maximum storage capacity. Three methods have been suggested to realize these multi-level resistive states. The initial method uses multiple layers of phase change materials [22] [23] [24] . The second method uses new chalcogenide materials (non-GST) that inherently possess multi-level properties [25, 26] . The third method is to use current control and pulse modulation to obtain multiple resistance states by increasing and decreasing the resistance [27, 28] . In consideration of cost-efficiency and process efficiency, the epoch-making discovery of a new non-GST chalcogenide material is more feasible than multilayer methods for practical PCM applications. In the case of current control and pulse modulation, it is difficult to control the precise volume change of the amorphous and crystalline region. Materials such as the In 3 Sb 1 Te 2 (IST) alloy, the focus of the current study, are promising new targets for realization of multi-level operation. IST materials have the advantage of multi-level data storage created by a resistance difference attributed to a change in crystal structure [25, 29] . IST exhibits novel multi-level phase change transformation phenomena allowing not only the formation of amorphous and crystalline IST but also several intermediate phases, such as InSb, InSbTe, and InTe [30] . The multi-level resistance properties of PCM devices based on IST materials have been previously reported and characterized [29] [30] [31] .
The fabrication of nanoscale Cr/In 3 Sb 1 Te 2 (IST) cell arrays (areal density of ∼176 Gbit/in 2 ) on a novel flexible glass-fabric reinforced composite film (GFR Hybrimer) is reported herein. Due to the thermal and chemical stability coupled with the low surface roughness of the flexible GFR Hybrimer substrate, it was possible to prepare ultrahigh density PCM nanoarrays by block copolymer lithography and single-step dry etching. Alternatively, both block copolymer lithography and complementary technologies, which may yield dense features via self-assembly of microphase-separated nanodomains, are promising techniques for such processes [32] [33] [34] [35] [36] [37] [38] [39] . The directed assembly of block copolymers into lateral-ordered nanoscale morphologies in conjunction with conventional photolithography is of particular interest, as this technique ensures low-cost, large-area nanopatterning via parallel processing [40] [41] [42] [43] [44] [45] . Block copolymer lithography, however, has not been previously employed in the fabrication of flexible PCM devices. Additionally, the current report addresses an alternative process involving dry-etch fabrication for the creation of ultrafine IST nanoarrays tens-of-nanometers in size. This technique provides for the fabrication of ultrahigh density PCM with multi-level capacity in which the use of suitable hard masks, optimum etching gas mixtures, and controlled process parameters for dry etching are specifically proposed. Studies of this nature contribute to the wide process window for the fabrication of nanosized-PMC devices with uniform and reliable characteristics.
Experimental section
A glass-fabric was sectioned into 110 mm × 110 mm sheets, two sheets of which were placed on a 100 mm × 100 mm glass plate. The matrix resin was then dispensed onto the glass-fabric for impregnation. The drenched sample was subsequently covered with another glass plate for the vacuum bag press-molding process. All glass plates were surface-treated with perfluorodecyltrimethoxysilane (PFAS) for easy separation of the GFR Hybrimer film after curing. In the vacuum bag press-molding step, the sample was placed between a silicone bag and a metal plate, then sealed. When the vacuum was applied, the entrapped air and excess resin in the sample were removed. The sample was then ultraviolet(UV)-cured using a Helium lamp (365 nm) under N 2 purging, and heat-treated at 180 • C for 4 h. The GFR Hybrimer film was obtained after separation from the glass plates.
The In 3 Sb 1 Te 2 /TiN (bottom electrode)/Pt/TiN (adhesion layer) multilayer films were successively deposited on the GFR Hybrimer substrate through alternate sputtering of IST, TiN, Pt, and TiN targets for 2 min 30 s, 10 min, 4 min 15 s, and 7 min in an Ar ambient environment with RF powers of 40 W, 70 W, 70 W, and 70 W RF, respectively, and a working pressure of 5 mTorr. A bottommost thin TIN layer acts as an adhesion layer to enhance adhesion between the Pt and GFR Hybrimer film layers. The uppermost IST surface on the GFR Hybrimer substrate was chemically cleaned and modified by applying random brush copolymer blends according to previously described methods [39] . A thin film of block copolymer blends, consisting of a 7:3 mixture of high molecular weight PS-b-PMMA1 (M PS n : 140 kg mol −1 , M PMMA n : 60 kg mol −1 ) and low molecular weight PS-b-PMMA2 (M PS n : 5 kg mol −1 , M PMMA n : 5 kg mol −1 ), was spin-coated on the neutrally modified GFR Hybrimer substrate. The film was composed of block copolymer blends spontaneously assembled into a nanoscale morphology at high temperature, annealing at 200 • C. The morphology was observed to be comprised of hexagonal vertical PMMA cylinders in a PS matrix. The block copolymer films were UV irradiated and subsequently rinsed with acetic acid and water to selectively remove the PMMA cylinder components and crosslink the remaining PS matrix. The nanoscale morphology of the block copolymer films and the newly created Cr dot arrays were imaged using a Hitachi S-4800 scanning electron microscope (SEM). The cross-sectional high-resolution transmission electron microscopy (HR-TEM) specimens for PCM devices on GFR films were prepared by focused ion beam (FIB) milling using a gallium ion beam in FEI Helios NanoLab system. TEM investigations were carried out using a JEOL JEM-ARM 200F (Cs-Corrected Scanning TEM).
Results and discussion
The entire fabrication process for an ultrahigh density PCM array is schematically illustrated in figure 1. First, IST/TiN (bottom electrode)/Pt/TiN (adhesion layer) thin films were sequentially deposited on a novel flexible glass-fabric reinforced composite film (GFR Hybrimer) [46] by radio frequency (RF) magnetron co-sputtering. The IST phase change that dominantly occurs at the interfaces between the phase change material and the electrode may cause a compositional change in constituent elements and/or a mechanical delamination [47] . Thus, it is crucial to ensure the interface is clean during the entity of the fabrication process. The successive deposition of phase change materials and electrode film layers in the same vacuum chamber prevents the contamination of interfaces without vacuum break, as shown in figure 1(a) . To accommodate the surface perpendicular to the cylinder nanodomains of the PS-b-PMMA block copolymer template, the top surface of the IST phase change material was covalently modified using a PS-r-PMMA neutral brush following a previously described universal block copolymer lithography procedure [48, 49] . The top surface was treated with ultraviolet oxygen (UVO) irradiation in order to promote surface functionality while avoiding severe damage to the material. A thin film of the PS-r-PMMA brush layer was spin cast on the UVO-treated surface and thermally annealed to ensure covalent bonding. Any unreacted brush molecules were removed by spin-washing ( figure 1(b) ). After the neutral surface modification, a PS-b-PMMA block copolymer thin film was spin cast and thermally annealed to form a block copolymer nanotemplate with a vertical PMMA nanocylinder array, as shown in figure 1(c) . The PMMA cylinder cores were selectively etched using UV radiation and solvent washing to constitute a hexagonally packed nanoporous template ( figure 1(d) ). The deposition of a thin Cr film and subsequent lift-off of the PS template yielded hexagonal Cr nanodot arrays (figures 1(e) and (f)), structures which played an important role in creating the hard mask for the subsequent single-step etching. The nanoscale Cr/IST/TiN PCM cell array was fabricated by Cr nanodot masked single-step etching employing inductively coupled plasma-reactive ion etching (ICP-RIE), as described in figure 1(g) . The GFR Hybrimer substrate with fabricated Cr/IST PCM cells was observed to have flexible properties, as shown in figure 1(h) .
This uniform roughness of the resultant IST/TiN/Pt/TiN multilayer film is a fundamental requirement for the successful fabrication of a nanoscale PCM cell array. The surface roughness of the multilayer film is closely related to the lateral ordering and uniformity of the self-assembled block copolymer template, which eventually influences the morphology of the fabricated PCM cell array. Figure 2(a) shows high performance flexible and optically transparent GFR Hybrimer films attached to PDMS/glass (arbitrary substrate), designed to maintain the flatness of the flexible GFR Hybrimer. The GFR Hybrimer film was fabricated by the impregnation and/or lamination of a woven glass-fabric with a silicon rubber hybrid material (Hybrimer) comprising the matrix [50, 51] . The very flat surface morphology of GFR Hybrimer (RMS roughness: 1.9 nm over a 5 µm × 5 µm scan area) is suitable for nanopatterning substrates, as demonstrated over the course of the current study. The detailed properties of the GFR Hybrimer have been previously described elsewhere, and may be of interest in engineering future processes [46] . As depicted in figure 2(b) , the IST and electrode materials were simultaneously deposited on the GFR Hybrimer and Si substrate because of the ease of TEM sample preparation with the Si substrate. Figures  2(c) and (d) show the detachable GFR Hybrimer substrate after multi-stack deposition, demonstrating the flexibility through cross-sectional bright-field (BF) TEM images of the IST/TiN/Pt/TiN films deposited on the GFR Hybrimer substrate.
A SEM micrograph of IST/TiN/Pt/TiN deposited on GFR Hybrimer films and bent to a diameter of 4.5 mm is shown to exhibit no signs of cracking or failure (figures 3(a) and (b)). According to a previous report, GFR film could even be rolled onto a 3.2 mm mandrel bar without any damage [46] . Figure 3(c) shows a wide-field plane-view SEM micrograph of the PS-b-PMMA block copolymer patterning on the IST/TiN/Pt/TiN/GFR Hybrimer substrate. The center-to-center distance between neighboring cylinders was approximately 65 nm and the cylinder diameter was approximately 35 nm. In figure 3(d) , the deposition is shown of a 15 nm Cr film by E-beam evaporation and the subsequent lift-off of the nanotemplate to generate a hexagonal Cr nanodot array, a structure that plays an important role in the creation of the hard mask for subsequent etching of IST layers. Notably, the thorough elimination of the PMMA residue at the bottom of the cylinder template by ICP-RIE with a gas mixture of Ar/O 2 is important in the enhancement of adhesion between the IST and Cr films which ultimately impacts the level of defects observed in the Cr dot arrays. Furthermore, the PS template is simultaneously etched during the elimination of PMMA residue with a gas mixture of Ar/O 2 , which may cause difficulty in Cr lift-off. In this work, ICP-RIE etching was conducted for 10 s (etch rate of PS template: 1 nm s −1 ). Figure 3(e) shows the cross-sectional BF TEM image of Cr dots left on the IST/TiN/Pt/TiN stack layer after the lift-off process.
The etched profiles of IST obtained using different etching times with the Cr line pattern hard mask are shown in figure 4 . The etching parameters of the RF main power, RF bias power and chamber pressure were fixed at 500 W, 100 W and 10 mTorr, respectively. A gas mixture of Ar (45 sccm)/Cl 2 (5 sccm) was employed to obtain the etching rate of the IST layer. Figures 4(a)-(c) show the resultant cross-sectional SEM images after etching with the Ar/Cl 2 gas mixture for 18 s, Based on the etch rate obtained from the preliminary experiment detailed in figure 4 , etching processes were conducted with Cr dots as a hard mask on an IST layer as a function of etching time, as shown in figure 5 . We note that the etching rate and the gas mixture of IST have not been previously reported. Figures 5(b)-(d) show cross-sectional BF-TEM images after the etching process at 15, 20, and 25 s with a gas mixture of Ar/Cl 2 . After 15 s etching ( figure 5(b) ), the IST layer was half-etched and still connected to the adjacent cell. After 20 s etching ( figure 5(c) ), the IST layer was fully etched so the end point of the layer approached the TiN bottom electrode. Conical Cr/IST PCM cells were successfully formed with etched profiles possessing characteristic oblique sidewalls. After 25 s etching ( figure 5(d) ), the IST layer was over-etched and almost completely disappeared.
The wide-field plane-view and tilt-view SEM images of Cr/IST PCM cells fabricated on a GFR Hybrimer substrate are shown in figures 6(a) and (b). The center-to-center distance (P int ) between neighboring PCM cells is approximately 65 nm, as presented by the high-magnification plane-view SEM image shown in the inset of figure 6(a) . The accurate diameter of a single cell is 45 nm, based on HR-TEM image data shown in figure 6(c) . We note that the existing defect problem associated with block copolymer lithography could [52] , the calculated density was ∼176 Gbit/in 2 (P int = 65 nm), the highest value ever demonstrated for PCM devices fabricated on a flexible substrate with multi-level material that has been currently documented. Generally, etched features with a smooth surface, vertical sidewall, and low sidewall roughness are required to meet application requirements for high-density memory devices [53] . In HR-TEM images of fabricated Cr/IST cells ( figure 6(c) ), ICP-RIE etching caused a slight undercut at the middle point of the cell by isotropic etching. The exposed sidewall of the PCM cell area, however, was observed to be so small that the undercut was not significant in cell fabrication. If the fabricated cell size was bigger than the fabricated dimensions, the cell may collapse due to the effect of undercut. Elemental mapping images of a fabricated Cr/IST PCM cell, shown in figure 7 , demonstrated the presence of In, Sb, and Te elements obtained by energy dispersive x-ray spectroscopy (EDS) in scanning TEM mode. Figure 7 shows a cross-sectional HR-TEM image of successfully fabricated Cr/IST PCM cells on a GFR Hybrimer substrate. The TEM sample was prepared using a focused ion beam after deposition of amorphous carbon for 1 h (deposition rate: 1 nm min −1 ) to prevent cells from being damaged during Pt deposition. Successfully fabricated PCM cells were separated to adjacent cells.
According to the previously published reports, IST has three different crystallization temperatures (T c1 = 565 K, T c2 = 695 K and T c3 = 785 K), accompanying three distinct resistivity changes [29] [30] [31] . This intrinsic characteristic of the IST material makes four-level multi-level storage possible. The possibility of multi-level storage was demonstrated based on a finite-element analysis (FEA) of the cell temperature profile performed using the commercially available software COMSOL 4.2 ( figure 9 ). Physical properties of materials used in the simulation, such as melting temperature, density, specific heat, thermal conductivity, and resistivity are summarized in table 1. This analysis accounted for the actual shapes of materials comprising the C-AFM tip as well as the IST cell. When a 1.3 V, 100 ns pulse was applied, the simulated temperature distribution demonstrated that part of the IST material was heated above T c1 (565 K) of In 1 Sb 1 (PDF #65-4817, F43m, a = 6.48Å) (figures 9(a) and (d)). Based on the phase transformation of IST [29] , the In 1 Sb 1 phase seems to be initially crystallized after a 1.3 V, 100 ns pulse because the bond energy of In-Sb (151.9±10.5 kJ mol −1 ) is smaller than that of In-Te (218.0±17 kJ mol −1 ) [29, 54] . This first crystallization results in the first resistance change of the cell. When the pulse amplitude was increased to 1.6 V, the simulated temperature distribution demonstrated that part of the IST material was heated above T c2 (695 K) of In 3 Sb 1 Te 2 (PDF #17-0849, Fm3m, a = 6.13Å) (figures 9(b) and (d)). The cell will enter into a lower resistance level after the second crystallization. Furthermore, application of a 1.8 V, 100 ns pulse induces a high temperature above T c3 (785 K) of In 1 Te 1 (PDF #30-0636, I4/mcm, a = 8.45Å, c = 7.15Å) (figures 9(c) and (d)), resulting in the third crystallization in the cell. Thus, the cell is capable of entering into the final and lowest resistance level. Since Joule heating is transient and ultra-fast, the heat transfer to the cold bottom electrode is also very fast. After applying each pulse, the original structure of IST (In 1 Sb 1 , In 3 Sb 1 Te 2 , and In 1 Te 1 ) causing different resistance levels will temporarily remain until the heat is completely dissipated to the bottom, providing for four-level multi-level capacity.
Conclusions
This work reports the fabrication of mushroom-shaped phase change memory (PCM) consisting of Cr/In 3 Sb 1 Te 2 /TiN (bottom electrode) nanoarrays by block copolymer lithography and single-step dry etching on a novel high-performance transparent glass-fabric reinforced composite film (GFR Hybrimer). It is the most effective and potentially cost-reducing process for the fabrication of multiphase materials. GFR Hybrimer may be used as a novel substrate for flexible devices, owing to its own flexible properties. The use of GFR Hybrimer, possessing not only characteristic flexibility but also low thermal expansion and few surface irregularities, enables nanoscale patterning of functional phase change materials on a flexible substrate. Block copolymer lithography employing asymmetric block copolymer blends with hexagonal cylindrical self-assembled morphologies resulted in the creation of hexagonal nanoscale PCM cell arrays with an areal density ∼176 Gb/in 2 .
